We assessed the effects of a single episode of maternal alcohol intoxication on fetal brain blood perfusion in three pregnant dams (baboons) at the 24th week of pregnancy using dynamic susceptibility contrast magnetic resonance imaging. After the oral administration of alcohol, there was a four-fold increase in the peak contrast concentrations in the fetal brain. In addition, we observed a two-to three-fold increase in the contrast uptake and washout rates in the fetal brain. The underlying mechanisms of these changes are unknown, but we hypothesized that these could include the alcohol-mediated changes in placental permeability and fetal cerebral blood flow. Our findings indicate that alcohol intoxication produces profound changes, which may detrimentally influence neurodevelopmental processes in the brain.
Introduction
The detrimental effects of repeated maternal alcohol consumption on fetal brain are well documented [1] . Antenatal exposure to alcohol is the leading cause of preventable birth defects, mental retardation and neurodevelopmental disorders [1] . Exposure to alcohol during gestation can cause extensive central nervous system (CNS) damage, prenatal and postnatal brain growth deficiencies and craniofacial anomalies [1] . Alcoholinduced CNS teratogenicity includes microcephaly, enlarged ventricles, reduced basal ganglia volumes, reduction in gray matter volumes and decreased integrity and metabolism of the cerebral white matter of the frontal and parietal lobes [2] [3] [4] .
Animal studies clearly show that alcohol freely crosses the placental barrier and enters the fetal circulation. The magnitudes and rates of CNS aberration because of prenatal alcohol exposure were shown to be dependent on the embryological stage, duration of exposure and the absolute levels of blood-alcohol [5] [6] [7] . Among the commonly reported findings are reductions in the pool of neuronal and glial progenitor cells, aberrations in neuronal migrations and neuroglial prolificacy, alterations to synaptogenesis and glial maturation [8] . Collectively, these data show that ethanol can interfere with many important ontogenetic stages producing widely varying degrees of damage in the affected structures, yet we know comparatively little about the possible negative liability of short-term alcohol exposure, a more common occurrence. Position emission tomography imaging studies in adult humans have shown that acute alcohol intoxication results in regional changes in the brain metabolic activity with increased activity in the temporal cortex and decreased activity in the occipital cortex [9] . Biphasic effects on cerebral blood flow (CBF) were seen in adults, being depressed in the cerebellum, but elevated in the frontal cortex after acute alcohol ingestion [10] . In a rodent model of binge drinking, maternal alcohol consumption produced region-specific deficits in brain growth, particularly if the consumption occurred early on in gestation [11, 12] .
The mechanisms by which alcohol-induced CNS aberrations are produced are still elusive. In adults, alcohol abuse is associated with increased rates of vascularrelated CNS neuropathies such as stroke, cerebral ischemic injury, sclerosis of small vessels and perivascular gliosis [13] . These neuropathies are thought to be produced by the impairment of the normal vascular function by the vasoactivity of alcohol [14] . Recent studies of alcohol teratogenicity in sheep brain also suggested that the vasoactivity of alcohol could be chief among the factors responsible for abnormal CNS development [15, 16] . Alcohol can alter the vascular reactivity of immature cerebral blood vessels in a fetal brain, producing cerebral vasodilatation and leading to cerebral hypoxia [15, 16] . We undertook this study to investigate the changes in vascular reactivity because of acute alcohol ingestion in a non-human primate (baboon). On the basis of the results in sheep brain, we hypothesized that exposure to alcohol would produce alterations in fetal CBF.
The choice of which species to use as an animal model of acute fetal alcohol effects is not straightforward, as gestation periods vary, the metabolism of alcohol differs and any responses are contingent on dose, timing and pattern of exposure. Baboons (Papio hamadryas Anubis) were chosen for this study because both humans and Old World monkeys share a highly orchestrated pattern of cerebral development [17] . Of the non-human primates, baboons and apes are the closest to humans from an evolutionary perspective [18] . In addition, baboons are particularly suitable for neuroimaging-based research compared with the other common laboratory monkeys, including rhesus macaques, because they have a larger brain, have a high degree of cerebral gyrification and express all the primary cortical structures [19] . We used a dynamic susceptibility contrast (DSC) magnetic resonance imaging (MRI) approach, which is based on tracking a bolus of high molecular weight paramagnetic contrast agent (gadodiamide) in the myometrium of the dam and fetal brain. DSC imaging was performed before and after the administration of ethanol alcohol at a dose that approximated alcohol intake during a single bingedrinking episode in an adult human.
Methods

Animal participants
Three pregnant dams (Papio hamadryas Anubis) were imaged at the 24th week of pregnancy. The fetal gestation age was calculated from the date of last ovulation. Imaging was performed using a 3T Siemens Tim Trio scanner equipped with multi-channel body array coils. Animal handling and anesthesia are described elsewhere [20] . The animals were transported from the Southwest National Primate Research Center to the animal preparation area at the Research Imaging Institute. Fifteen minutes before scanning, each animal was sedated with ketamine (10 mg/kg) and intubated with an MR-compatible tracheal tube. Once placed in the scanner, the anesthesia was maintained with an MRIcompatible gas anesthesia machine with 5% isofluorane. All animal protocols were reviewed and approved by the Institutional Animal Care and Use Committee of the Southwest Foundation for Biomedical Research.
Dynamic susceptibility contrast perfusion
DSC is a perfusion technique that uses a bolus of an exogenous agent (gadodiamide) to alter the magnetic relaxation properties of the blood [21] . Gadodiamide (OMNISCAN), an injectable contrast agent for MRI, is a diethylenetriamine pentaacetic acid bismethylamide chelate of gadolinium with a molecular weight of 573.3 Da. In the concentration used for the bolus, gadodiamide is capable of drastically (B10-fold) shortening the T1, T2 and T2* relaxation times of blood [21] . The dose of the contrast agent was calculated for the dam's weight using a human adult dose of 0.2 ml/kg, and the contrast was administered through a catheter placed in the radial vein. A susceptibility (T2*) sensitive imaging sequence was used for the DSC studies. The signal intensity was reduced in linear proportion to the concentration of the contrast agent, and therefore produced regional reductions in signal that were proportional to the perfusion rates [21] .
Sequence details
DSC was evaluated in the fetal brain tissue and the myometrium with a gradient echo echo-planar-imaging perfusion sequence. Parameters were adjusted to obtain a high temporal (TR = 3 s) and spatial (1.2 Â 1.2 Â 1.9 mm) resolution, acquiring 15 slices for full fetal brain coverage with no slice gaps. The imaging slices were prescribed axially, parallel to the line connecting the anterior and posterior commissurals (line) ( Fig. 1, left) . Respiratory gating was used to reduce motion artifacts.
Protocol
The protocol consisted of two 30 min DSC studies, one performed before and the other one after the administration of alcohol. During each of the DSC studies, the contrast agent was administered after 5 min of baseline imaging. Alcohol was administered to the dam through a gastro-nasal catheter after the completion of the first DSC study. Alcohol was given at a dose of 3 g of ethanol per kg of the dam's weight to approximate a bloodalcohol level concentration of approximately 0.2% at the beginning of the second DSC study. This dose of alcohol is equivalent to the consumption of 6-8 alcoholic drinks in 2 hours by an adult human to approximate a heavy binge-drinking episode. Blood samples (1 ml) were obtained at the end of the first DSC study through the radial vein before alcohol administration and 30, 50 and 90 min thereafter. Blood-alcohol concentrations were expressed as the percentage of alcohol in blood, mean ± SD for three animals.
Image analysis
EPI images were motion corrected and the signal intensity timelines were analyzed for two volumes of interest manually drawn over the muscles of the uterus, myometrium, (Fig. 1, dashed contour ) and the fetal brain ( Fig. 1, solid contour) . Signal intensity trends for each of the volumes were normalized to the average baseline value calculated over the first 5 min of acquisition that preceded injection of the gadodiamide. 
Data analysis
The DSC trends were averaged for the three animals for the pre-alcohol and post-alcohol states to identify the minima of signal intensity, which corresponded to the time of peak for the contrast concentrations. Linear regression analyses were used to calculate contrast uptake and washout rates (% change from baseline/min) using time from peak as the independent variable. The contrast uptake rates were calculated from the time of injection until the TOP. The contrast washout rates were calculated from the time of peak until the intensity reached the baseline level.
Results
The blood-alcohol concentration of the three animals was 0.14 ± 0.01% (mean ± SD) at 30 min, 0.19 ± 0.02% at 50 min and 0.23 ± 0.01% at 90 min, after the administration of alcohol. In the myometrium, the peak signal intensity was similar during the baseline and after alcohol administration: -20 versus -19%, respectively (Fig. 2 , top). The times of peak for the contrast concentrations were also unaffected by alcohol, with the peak concentrations observed at 147 and 150 s after contrast injection (Fig. 2, top) . The contrast uptake trends in the uterus also were not significantly different (uptake rates = -9.8 ± 0.7 and -8.4 ± 1.1 for the pre-alcohol and post-alcohol states, respectively; t = 1.73; P = 0.15) ( Fig. 2 top) . However, the rate of the contrast washout was significantly lower, approximately 35%, for the baseline compared with that after the administration of alcohol (washout rates = 0.44 ± 0.2 vs. 0.59 ± 0.02; t = 8.6; P < 0.01) (Fig. 2, top) .
In the fetal brain, the peak contrast uptake concentrations and the contrast uptake and washout trends were significantly increased after the administration of alcohol (Fig. 2,  bottom) . The peak signal intensity during the baseline state was about four times lower than that after alcohol administration: 1.1 versus 4.6%, respectively. Correspondingly, the average signal reduction from the time of the contrast administration until the time of elimination was significantly larger after the administration of alcohol ( -0.69 ± 0.54% for baseline and -2.62 ± 1.24% after alcohol administration; t > 10.0, P < 0.01). The times of peak for the contrast concentrations were unaffected by alcohol (Fig. 2, bottom) , but the peak values were observed approximately 8 min later than in myometrium, indicating that the contrast agent continued to increase over multiple passes of maternal circulation. The fetal brain contrast uptake rate was significantly higher, approximately 80%, after the administration of alcohol (uptake rates = -0.31 ± 0.01 vs. -0.58 ± 0.02; t > 10.0; P < 0.01). The contrast washout rate was also significantly higher, approximately 300%, after the administration of alcohol (washout rates = 0.21 ± 0.01 vs. 0.65 ± 0.02; t > 10.0, P < 0.01) (Fig. 2, bottom) .
Discussion
To our knowledge, this is the first study to show the vasoactive effects of alcohol on the fetal CBF and placental permeability in a non-human primate. It is possible that these findings suggest that the vasoactive effects of alcohol may have increased fetal CBF and/or as altered placental permeability to the contrast agent. Whether these resulted from the direct, nitrous-oxide 
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Imaging slices for dynamic susceptibility imaging (white rectangle) were prescribed axially, parallel to the anterior-posterior commissure plane using a sagittal localizer image (Left panel). Right panel shows the axial slice of the fetal brain at the level of the mesencephalon and the dam's uterine muscle, myometrium. Temporal signal intensity trends were analyzed by manually drawing two volumes of interest: one covered the entire fetal brain (solid contour) and the other covered the dam's myometrium (dashed contour). mediated, or the indirect, through vasopressin suppression, mechanism of alcohol action is unclear. The vasoactive effects of alcohol on the dam's peripheral circulation were clearly shown by the difference in the DSC trends in the maternal uterus ( Fig. 2 top) . Our data showed that at the blood-alcohol concentration levels of approximately 0.23%, alcohol produced peripheral dilation and increased peripheral blood flow resulting in contrast washout rates that were 35% above baseline. This finding was consistent with other reports of the alcohol-induced vasodilatation, which is thought to be responsible for alcohol-related pathologies in chronic alcohol abusers [14] .
We observed several striking differences between the baseline and post-alcohol DSC trends in the fetal brain, including the four-fold increase in the peak contrast uptake and the two-to three-fold increases in the DSC uptake and washout rates. The baseline DSC trend showed only a small (1%) reduction in the fetal brain signal as compared with the approximately 20% reduction observed in the dam's uterus (Fig. 2) . This is an indication that only a small amount of the contrast agent entered the fetal cerebral circulation and that the placental barrier was relatively impermeable to the high-molecular weight compounds such as gadodiamide (molecular weight = 573.3 Da). Placental membranes serve as an important protective barrier that restrict the passive passage of the higher-molecular weight (greater than 500-600 Da) compounds from the maternal to the fetal blood pools [22, 23] . However, after alcohol administration, the signal reduction in the fetal brain was about four times greater (4.5%). If alcohol increases placental permeability, it could result in exposing the fetus to potentially pathogenic substances, which normally would not cross the placental barrier. Further studies using gadolinium-labeled compounds with different molecular weights are necessary to map the alcohol-mediated changes placental permeability to even higher-molecular weight compounds.
In addition, the DSC uptake and washout in the fetal brain were two to three higher after the administration of alcohol. We hypothesize that the increases in the fetal CBF, because of the vasoactive properties of alcohol, are responsible for these differences. The increase in the fetal CBF could be explained by several possible mechanisms, including the direct alcohol-mediated vasodilatation of cerebral vasculature, as is observed in adult human brains [9, 10] . Similar vasoactive effects of alcohol and increases in the fetal CBF were shown earlier in sheep fetuses [15, 16] . There, it was concluded that as the brain is undergoing a vigorous development during gestation, any perturbation in the normal fetal cerebral physiology should be viewed as potentially detrimental until further studies show otherwise. The implications of our findings merit further studies, including a study of alcohol-mediated changes of placental permeability to higher molecular weight compounds and a study of alcohol-mediated changes in the fetal CBF using a quantitative, noninvasive perfusion imaging technique such as the arterial spin labeling [24] .
Conclusion
This study used a non-human primate model of antenatal alcohol exposure to show two potential teratogenic mechanisms associated with maternal alcohol consumption: alcohol-mediated changes in placental permeability and alcohol-induced changes in the fetal CBF. Our findings indicate that even brief alcohol intoxication might detrimentally influence vulnerable neurodevelopmental processes in the brain with potentially long-term consequences.
